Here we provide a detailed comparative analysis across the candidate X-Inactivation Center (XIC) region and the XIST locus in the genomes of six primates and three mammalian outgroup species. Since lemurs and other strepsirrhine primates represent the sister lineage to all other primates, this analysis focuses on lemurs to reconstruct the ancestral primate sequences and to gain insight into the evolution of this region and the genes within it. This comparative evolutionary genomics approach reveals significant expansion in genomic size across the XIC region in higher primates, with minimal size alterations across the XIST locus itself. Reconstructed primate ancestral XIC sequences show that the most dramatic changes during the past 80 million years occurred between the ancestral primate and the lineage leading to Old World monkeys. In contrast, the XIST locus compared between human and the primate ancestor does not indicate any dramatic changes to exons or XIST-specific repeats; rather, evolution of this locus reflects small incremental changes in overall sequence identity and short repeat insertions. While this comparative analysis reinforces that the region around XIST has been subject to significant genomic change, even among primates, our data suggest that evolution of the XIST sequences themselves represents only small lineage-specific changes across the past 80 million years.
[Supplemental material is available for this article. The sequence data from this study have been submitted to GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) under accession nos. AC204188, AC203493, AC204810, AC203729, and FJ156094-96.] Coupled with new sequencing technologies that allow broader sampling from the evolutionary tree, comparative genomics is a powerful approach for understanding evolutionary changes in genome architecture and their potential implications for genome function. Multispecies sequence comparisons among placental mammals have allowed identification of lineage-specific elements (Boffelli et al. 2003) and rapidly evolving gene families (Cheng et al. 2005 ). Chromosome-level comparative studies in mammalian genomes have allowed reconstruction of ancestral mammalian karyotypes (Murphy et al. 2005 ; for review, see FergusonSmith and Trifonov 2007) and have revealed a much more recent origin of the sex chromosomes than previously thought (Veyrunes et al. 2008) . This latter finding is of particular significance since the process of dosage compensation (equalizing gene expression on male and female sex chromosomes) is considered to be conserved among mammals, albeit with evident genomic and mechanistic differences (for review, see Okamoto and Heard 2009) .
The dosage compensation mechanism that evolved in eutherian mammals is termed ''X chromosome inactivation'' and is achieved by randomly choosing to transcriptionally silence one of the two X chromosomes in each female cell during early development (Lyon 1961; Erwin and Lee 2008) . Comparative analysis of mammalian X inactivation will offer clues into the evolution of dosage compensation and epigenetic silencing and provide potential insight into the genomic basis for differences in various mechanisms of X inactivation, both among placental mammals and between placental and nonplacental mammals.
Studies in both humans and mice have indicated a region called the ''X-Inactivation Center'' (XIC/Xic) that is crucial for X inactivation ( Fig. 1 ; Therman et al. 1974; Rastan 1983; Brown et al. 1991b) . The candidate XIC/Xic is involved in the initiation and propagation of X inactivation and has therefore been the focus of many comparative studies. In humans, the XIC region was originally localized by analysis of cell lines from patients with X-chromosome abnormalities (Brown et al. 1991b; Lafreniere et al. 1993; Leppig et al. 1993) . Efforts to refine the mouse Xic region have relied on analysis of both naturally occurring and engineered variants, although no definitive region has been clearly and unequivocally agreed on (Rastan 1983; Heard et al. 1996 Heard et al. , 1999 Lee et al. 1996 Lee et al. , 1999b Matsuura et al. 1996; Herzing et al. 1997 ). This candidate XIC/Xic region contains several protein-coding and noncoding RNAs, although most do not appear to play a role in X inactivation. As initially described in the human XIC, the critical effector gene for X inactivation is the X-inactivation-specific transcript (XIST) gene, the product of which is a long noncoding RNA that is expressed exclusively from the inactive X chromosome (Brown et al. 1991a) . Subsequent studies of the orthologous gene in mouse (Borsani et al. 1991; Brockdorff et al. 1991) have shown that Xist is required for X inactivation to occur (Penny et al. 1996) .
Comparative studies among human, mouse, cow, and vole (Hendrich et al. 1997; Nesterova and Slobodyanyuk 2001; Chureau et al. 2002; Yen et al. 2007 ) have suggested that, although the general underlying mechanism of X inactivation in these species appears to be maintained, their different evolutionary paths have allowed for lineage-specific changes that can help elucidate sequence features that are critical for X inactivation. These comparative studies highlight a different XIST/Xist gene structure, different frequencies of interspersed repeat elements, and differential inactive X (Xi) chromosome chromatin that is formed via histone variants and histone modifications (for review, see Chadwick and Willard 2003) . Comparative studies in marsupials, monotremes, and chicken failed to identify an XIST ortholog but instead identified a protein-coding gene, Lnx3, which has several exons with identifiable homology with XIST (Duret et al. 2006; Hore et al. 2007a ). This suggests that XIST/Xist evolved as a key player in placental mammalian X inactivation only in the last 175 million years since the divergence of Metatheria and Eutheria (Woodburne et al. 2003) .
Since the XIC region has been disrupted in marsupial and monotreme genomes (Hore et al. 2007b ) and numerous differences have been identified between human and mouse X inactivation, we have used primate comparative genomics to get a better understanding of the candidate XIC in multiple primate lineages. In the primate evolutionary tree, lemurs lie at a key position for addressing aspects of ancestral primate X-chromosome organization and may shed light on aspects of X inactivation, offering hypotheses about functionally relevant regions that are independently maintained on diverse primate lineages. The ancestral lineages leading to humans and lemurs diverged more than 80 million years ago (Mya) (Murphy et al. 2007; Horvath et al. 2008; Perelman et al. 2011) , allowing for enough sequence divergence to distinguish functionally conserved regions from regions conserved due to short divergence time. Here, we have focused on genomic analyses of the candidate XIC in two lemur species to elucidate both gene content and order within the presumptive lemur XIC and to determine the structure of the lemur XIST genes. Finally, we have used these comparative sequences to reconstruct the ancestral primate XIC region and XIST gene, representing a model for the then newly evolved XIST gene in genomes of placental mammals some 175 Mya.
Results

Sequence changes across the candidate primate XIC region
We focused our studies on two lemur species with the available bacterial artificial chromosome (BAC) library and cell line resources (Horvath and Willard 2007) , the black lemur (Eulemur macaco macaco) and the ring-tailed lemur (Lemur catta). BAC libraries from both the black lemur and the ring-tailed lemur were screened using probes from the candidate XIC region (Supplemental Fig. 1 ). All positive BACs were characterized and aligned by STS content mapping and BAC end sequencing. Two overlapping BACs were selected from each species for sequence analysis at the NIH Intramural Sequencing Center (NISC). Fluorescence in situ hybridization was used to verify that these BACs mapped specifically to the X chromosome in both lemur species (data not shown). The black lemur sequence from the overlapping BACs spans 335 kb, while the orthologous ring-tailed lemur sequence spans 288 kb. Both lemur XIC sequences are collinear to the human XIC (Supplemental Fig. 2 ), although the lemur BAC sequences do not span the entire region homologous to the human XIC. The black lemur BAC sequences span from CDX4 exon 2 through the first two exons of the NCRNA00183 gene (also known as JPX/ENOX). The ring-tailed lemur sequences encompass all exons of CDX4 and continue through the first two exons of the NCRNA00183 gene. All subsequent comparative analyses, therefore, include the region from CDX4 through the first two exons of the NCRNA00183 gene to encompass the lemur sequences.
Comparative analyses across this region indicate lineagespecific insertions and deletions ( Fig. 2A; Supplemental Fig. 3) , as evidenced by a larger size in the human, chimpanzee, orangutan, and macaque genomes (Fig. 3A) . Sequences corresponding to RefSeq genes CDX4, CHIC1, TSIX, XIST, and NCRNA00183 are conserved in all species compared, although there are no data indicating that these are genes in the nonhuman primates, dog, or cow. Previous directed studies identified conservation of Tsx (Chureau et al. 2002) sequences between human and mouse. Our global alignment across the candidate XIC shows sequence alignment across some Tsx exons in humans and several primates, but only minimal alignment across exon 1 in the lemurs (Supplemental Fig. 3 ). There is no evidence to suggest that Tsx is a functional region in humans or any of the other primates.
Although the overall span of the XIC region is different between species (Fig. 3A) , the expansion or contraction of the region is not simply the result of insertions or deletions of known repeated DNA families ( Fig. 2A,B ; Supplemental Fig. 3 ; Table 1 ). Rather, there are stretches of sequence unique to each species scattered throughout. Interestingly, in the rhesus macaque genome, >94 kb of sequence is inserted between CDX4 and CHIC1 relative to the other primates. While a small amount of this sequence is unique to the rhesus genome (4%) or is composed of small gaps of N's (10%), the vast majority is composed of repetitive elements (86%) specific to the rhesus macaque. Not surprisingly, an identity plot showing regions of high conservation among all species indicates that the most conserved regions are exons of genes (Fig. 3B) . There is also a high level of conservation over the exons of the XIST locus (Fig. 3B ). There are small peaks of conservation outside of coding regions, the majority of which are unique sequences littered with a few conserved repetitive elements.
Reconstruction of the ancestral primate XIC
To gain further insight into the evolution of the XIC region, we used a maximum likelihood approach of ancestral reconstruction across the candidate region, using previously described methods (Blanchette et al. 2004 (Blanchette et al. , 2008 Diallo et al. 2007 ). The confidence The general phylogeny of the mammalian species included in this study (Murphy et al. 2007; Horvath et al. 2008; Perelman et al. 2011) . Candidate XIC sequences were downloaded from UCSC for all species (except the lemurs). The lemur sequences were obtained from overlapping BACs and do not span the entire human candidate XIC region. Note that the ring-tailed lemur sequence begins at exon 1 of CDX4, while the black lemur sequence does not begin until exon 2 of the CDX4 gene. Both lemur sequences extend through the first two exons of NCRNA00183 (JPX/ENOX). All sequences were aligned using MLAGAN (see Methods). (Horizontal gray lines) Relative sizes of the candidate XIC in all species. (Colored boxes) DNA sequences orthologous to the annotated human gene structure. In dog and cow, the human TSIX sequence was used for annotation since there is no TSIX annotation in these species. The marmoset is not shown in this figure because the genome assembly is not complete across this region. Mouse 2010000l03Rik is now referred to as Enox. (B) Sequence identity plot from zero to 100% identity across the candidate XIC region for the multispecies alignment in A. (Yellow peaks) Regions of higher identity relative to red peaks or regions with no peaks. (Colored boxes) The relative positions of exons.
level for the presence or absence of bases in the reconstructed XIC ancestors is >80% for >90% of the bases (Supplemental Fig. 4 ; Diallo et al. 2010) . Reconstructions of the putative human/chimpanzee/orangutan (H+C+O) ancestral XIC region indicate little overall change in size or gene content and arrangement between the extant primate species and their putative ancestor (Fig. 4) . Reconstructions of the human/chimpanzee/orangutan/rhesus (H+C+O+R) ancestor are very similar, but, as noted above (Fig. 3A) , indicate large lineage-specific events along the lineage leading to rhesus macaques (Fig. 4) . Reconstruction of the ancestral primate candidate XIC region suggests a size comparable to the more compact current lemur XIC regions. Comparison of the various ancestral and extant XIC regions implies that significant expansion of the XIC region occurred along the H+C+O+R lineage at some point between 25 and 90 Mya (Goodman et al. 1998; Murphy et al. 2007; Horvath et al. 2008; Perelman et al. 2011) . In contrast to regions such as the CHIC1/Chic1 gene (Fig. 3A) , the relative size of the XIST/Xist locus has remained stable across all species.
Comparative XIST structure
Reconstruction of the ancestral XIST locus
The ancestral primate XIST locus was reconstructed using comparisons of sequences from all primate species explored in this study, as well as the three outgroup species (mouse, dog, and cow). The confidence of the ancestral XIST reconstructions is quite high (>98% confidence for 95% of the positions in terms of structural content, and >80% confidence for >70% of the positions in terms of nucleotide composition) (Supplemental Fig. 5 ). The overall size of the inferred ancestral primate XIST locus (31,689 bp) is very similar to the size of the current human gene (32,094 bp). The total percentage of interspersed repeats, however, is lower in the ancestor, with the largest difference accounted for by the number of Alu elements (Table 2) . XIST-specific repeats (Brockdorff et al. 1992; Brown et al. 1992; Nesterova and Slobodyanyuk 2001; Wutz et al. 2002; Hore et al. 2007b; Yen et al. 2007; Elisaphenko et al. 2008) , denoted by a letter and corresponding color in Figure 5 , Figure 4. Ancestral reconstruction of candidate XIC region. The general phylogeny of the primates is shown along the right side. The approximate size and gene content of the human/chimpanzee/orangutan (H+C+O) ancestor, the human/chimpanzee/orangutan/rhesus (H+C+O+R) ancestor, and the primate ancestor, as determined through multispecies alignment reconstructions, is shown. The size of the primate ancestral XIC region is much smaller than the other ancestral sequences. This is due to repetitive and unique sequence insertions on the haplorrhine ancestral lineage after the divergence of the strepsirrhine primates.
are similar between the ancestral primate and human forms (Table 3 ). This is in sharp contrast to comparisons of the human and mouse XIST/Xist genes, where the size is significantly different (32 kb in human vs. 22 kb in mouse), XIST/Xist repeat and interspersed repeat content are variable, and exon/intron structure is different (Chureau et al. 2002) .
XIST-specific repeats
Given that the ancestral primate sequence did not indicate dramatic changes across the XIST locus, we sought to understand how different regions of XIST have evolved across primate genomes. We focused our attention on two XIST-specific repeats, the A repeat (Hendrich et al. 1997) , which is highly conserved (Yen et al. 2007) ; and the D repeat (Yen et al. 2007 ), which varies between species. The XIST A repeat is located at the 59 end of XIST exon 1 (see Fig. 5 ) and has been identified in almost all species studied (Brown et al. 1992; Brown and Baldry 1996; Hendrich et al. 1997; Nesterova and Slobodyanyuk 2001; Brockdorff 2002; Wutz et al. 2002; Hore et al. 2007b; Yen et al. 2007; Elisaphenko et al. 2008; Maenner et al. 2010 ). The A repeat, which may have been derived from an endogenous retrovirus (Elisaphenko et al. 2008) , is critical for gene silencing and is essential for X inactivation (Zhao et al. 2008 ), but not essential for recruitment of epigenetic marks associated with X inactivation (Wutz et al. 2002) . The general structure of the A repeat is a series of 42-50-bp monomer repeats separated by a spacer, which is followed by another series of repeated monomers. This general structure is observed in all primate genomes examined in this study, as well as the nonprimate outgroup species (Supplemental Fig. 6) . Alignment of the A-repeat region in all species indicates significant sequence changes in mouse, dog, and cow when compared to human (Supplemental Table 1 ).
The D repeat is also found within XIST exon 1 but is not present in all species (Supplemental Figs. 7, 8) . The D-repeat region is composed of a longer 290-bp monomer and is variable in size among primates and the ancestor (Supplemental Table 2 ). Alignment of the consensus D-repeat monomer sequences (generated via Tandem Repeats Finder) in primates revealed that the percent identity between human and other primate sequences did not always correspond to evolutionary distance from humans, perhaps indicating concerted evolution of the repeats in some or all lineages (Supplemental Table 2 ). Consistent with this, the D-repeat region is much larger in the cow and dog than human (Yen et al. 2007) , and sequence alignments show little conservation.
Global sequence alignments using the program VISTA across all species in this study (seven primates and mouse, dog, and cow) identified three regions that were highly conserved by RankVISTA (significance P-values < 1 3 10 6 ) Frazer et al. 2004 ) in all species. One region identified (CNS1) corresponds to XIST/Xist exon 4, which is one of the exons believed to be derived from the chicken Lnx3 gene (Duret et al. 2006; Elisaphenko et al. 2008) and is conserved in all species analyzed here (Fig. 6A) . A second highly conserved region (CNS2) spans 240 bp across the end of exon 1, including a portion of the first intron (Fig. 6B ). This region has not been shown to be functional or even highly conserved in past analyses and warrants further study. The third region (CNS3) (Fig. 6C ) overlaps the A-repeat region, which is not surprising given its requirement for XIST/Xist function (Zhao et al. 2008 ).
Expression of XIST RNA
While the current availability of genomic resources restricted full analysis to the black and ring-tailed lemur genomes (Horvath and Willard 2007) , we conducted limited analysis of other lemur species.
There are five lemur taxonomic families (Daubentoniidae, Lepilemuridae, Cheirogaleidae, Lemuridae, and Indriidae), and cell lines were available for species from four of the five. To verify XIST expression in lemurs, male and female fibroblast cells were harvested, and RNA was isolated for cDNA characterization. Conserved primers specific to three regions across XIST (portions of exon 1 and exon 6, www.genome.org and the region spanning from exons 1 to 6) verified expression solely from female cell lines from black lemur (Lemuridae), ringtailed lemur (Lemuridae), Coquerel's sifaka (Indriidae), and aye-aye (Daubentoniidae). Although no male mouse lemur cell lines were available for study, female mouse lemur (Cheirogaleidae) cDNA verified expression using the three primer sets (data not shown). To conduct partial sequence comparisons, PCR products from the primer set spanning exons 1-6 from all lemurs were subcloned and sequenced. These sequences were aligned to those of human, mouse, and cow to compare the expressed regions (Fig. 7) . Regions corresponding to human exons 1, 4, 5, and 6 were expressed in all species examined, while the other exons were expressed only in a subset of the female cell lines. Black lemur has the fewest expressed XIST exons in this analysis.
Comparative TSIX structure While the critical role of XIST/Xist in X inactivation is clear, the involvement of other genes and loci is variable between species. For example, both human and mouse have TSIX/Tsix loci, but they have different gene structures (see Figs. 1, 3A ) and seem to play very different roles in X inactivation (Migeon et al. 2002) . In mouse, Tsix plays a role in X-chromosome choice (Lee et al. 1999a ), but there is no evidence to suggest that it is important in human X-chromosome choice. By extending TSIX/Tsix comparisons among many primates, it is clear that there are many repeat element insertions (Fig. 2B ) in different lineages, and some species (e.g., ring-tailed lemur) have large deletions breaking up the overall structure. The 39 end of TSIX, which overlaps the 39 end of XIST/ Xist on the opposite strand, is the most conserved in all species (Figs. 2B, 3B) , while the middle region likely emerged within the past 90 Myr since it is only seen in the primates.
In mouse, the DXPas34 locus (Debrand et al. 1999; Cohen et al. 2007 ) and the X-inactivation intergenic transcription element (Xite) have been reported to regulate Tsix gene expression. A previous study suggested that a portion of DXPas34 (termed the ''A region'') is recognizable in humans (Cohen et al. 2007 ). This A region is orthologous in human and chimpanzee but does not Figure 7 . Comparative XIST expression. A schematic of XIST exons transcribed from human (based on NR_001564) and lemur (aye-aye, Coquerel's sifaka, gray mouse lemur, black lemur, and ring-tailed lemur) fibroblast cell lines is shown relative to known mouse and cow exons (NR_001463 and NR_001464, respectively) (Chureau et al. 2002) . Numbers above exons correspond to known numbered exons in human, mouse, and cow based on these RefSeqs. The general phylogeny along the left was compiled from Murphy et al. Fig. 3) . Similarly, the mouse DXPas34 region (including the A1, A2, and B regions) (Cohen et al. 2007) is not conserved at the sequence level in any other species in this analysis (Supplemental Fig. 3 ). Sequence across the mouse Xite region does not align well in any other species, suggesting that if any primates have a functional Xite locus it is not recognizable by sequence alignment. A lack of sequence identity does not necessarily indicate a lack of function, and these human-mouse variations further reinforce some of the distinct differences between rodent and primate X inactivation.
Marks of an inactive X chromosome in lemurs
XIST expression specific to female lemur cell lines is consistent with the expectation that female lemurs have an inactive X chromosome. To verify this cytologically, male and female fibroblast cell lines were assessed by immunofluorescence assays, using an antibody specific for the dimethylated form of histone H3, H3K4me2, which is deficient on the inactive X chromosome in humans (Boggs et al. 2002; Chadwick and Willard 2002) and mice (Heard et al. 2001 ). In male cell lines from both lemur species, all chromosomes appear consistently stained with the antibody to H3K4me2 (Supplemental Fig. 9c,i) . In contrast, one X chromosome in the corresponding female cell lines is virtually devoid of antibody staining (Supplemental Fig. 9f,l) , consistent with the presence of an inactive X chromosome in these cell lines.
Discussion
Comparative analyses of XIST, TSIX, and the candidate XIC offer insight into recent structural changes and evolutionarily conserved regions among primate genomes. While previous comparisons between mouse and human XIST/Xist and XIC/Xic have shed light on mechanisms of X inactivation, significant differences between human and mouse have prevented direct inferences between genomic sequence and function. Our approach using diverse primate comparisons has been informative in several areas.
Confidence in ancestral reconstructions
For XIC ancestral reconstructions, confidence in the presence or absence of a nucleotide is much higher than confidence in which base pair existed in an ancestor (Supplemental Fig. 4b ). This is not surprising given that these are reconstructions across diverse mammalian species and that parts of the alignment are problematic due to low conservation and/or alignment difficulties (Chen and Tompa 2010) . Therefore, for XIC reconstructions, we focused on the presence or absence of a base pair and did not focus on the exact nucleotide at each position in the ancestral sequence. Reconstructions across XIST show much higher confidence than those across the entire XIC region (cf. Supplemental Figs. 4 and 5) , with regions of higher conservation in XIST seen across all species. The region with lowest confidence (position 24,000-26,000) spans part of the D repeat, which is known to vary substantially between species. Some species (e.g., the black lemur) entirely lack this repeat, while other species (e.g., cow) have a D-repeat region that does not align well to the other species, making reconstruction challenging (data not shown).
Recent gene and landscape restructuring in the XIC region
The candidate primate XIC has clearly undergone expansions and contractions along different lineages since the two lemurs have a much more compact sequence across the XIC region than the rest of the primates ( Figs. 2A, 3A; Supplemental Fig. 3 ). These landscape changes in the close vicinity of XIST/Xist further reinforce the malleability of this region, as has been underscored previously by comparisons of the mouse, marsupial, and monotreme genomes (Duret et al. 2006; Hore et al. 2007b ). Interspersed repeats have played a role in differentially shaping primate genomes (Liu 2003; Liu et al. 2009 ), and analysis of total repeat content across this region is in agreement with this conclusion (Table 1) . Comparisons of specific classes of repeats in the lemurs and the inferred ancestral primate XIC region indicate that the lemurs and ancestral primate have a lower Alu, MIR, and LINE content relative to the rest of the primates (Table 1) , while some of the other repeats tend to fluctuate with lineage-specific trends. Since LINE elements have been proposed as way stations for XIST RNA (Lyon 1998; Bailey et al. 2000; Chow et al. 2010 ), it will be interesting to see if the lower LINE content among lemurs has any impact on X inactivation in these species.
Comparative structure of XIST Reconstruction of the ancestral primate XIST gene highlights that the overall structure and content of the XIST locus have not significantly changed throughout primate evolution, but that the underlying sequence has been under low sequence constraint, as previously proposed (Hendrich et al. 1997; Nesterova and Slobodyanyuk 2001; Chureau et al. 2002) . This further highlights the benefit of diverse primate comparisons, since, although the evolutionary distance between human and mouse (and dog and cow) is not that much greater than between human and lemurs (>90 Mya vs. >80 Mya) (Murphy et al. 2007; Horvath et al. 2008; Perelman et al. 2011) , the mouse region has undergone many more structural and repeat changes.
Since previous analyses of human, mouse, and cow highlighted species-specific exons (Chureau et al. 2002) , it was informative to see which exons were conserved among the lemurs (Fig. 7) . Given the high levels of XIST/Xist alternative splicing previously noted (Brown et al. 1991a (Brown et al. , 1992 , it was not surprising that not all exons were identified in all species using an expressionbased approach. It is important to note that any single lemur species would not represent the level of diversity obtained by comparing all lemurs. This is even apparent when comparing two lemurs from the same taxonomic family (black lemur and ring-tailed lemur). It is informative that the black lemur has the fewest expressed exons and is also the only species so far identified that does not have the XIST D repeat; this suggests that the apparently missing exons and the D repeat are not critical for the process of X inactivation in black lemur (and potentially, therefore, in other species). These genomic and cDNA comparisons indicate that the second and third exons, which are missing from the black lemur transcript in Figure 7 , are also absent entirely from the black lemur genome.
XIC noncoding RNAs
First described more than 20 yr ago (Brannan et al. 1990; Brown et al. 1991a ), noncoding RNAs are now known to be prevalent around the genome and have been suggested to play functional roles in a variety of genomic, epigenetic, and developmental processes, with different evolutionary forces acting on them (Pang et al. 2006; Caley et al. 2010) . Our analysis identified regions of orthology within XIST/Xist, TSIX/Tsix, and NCRNA00183/JPX/Jpx/Enox (recently shown to be an Xist activator in mouse) (Tian et al. 2010) among all species (Fig. 3B) . In contrast, we identified little or no orthology between mouse and primate sequences across other loci such as Xite and DXPas34, and only minimal orthology across one exon of Tsx between mouse and the lemurs. The low level or lack of sequence identity across these loci does not necessarily indicate a lack of function, as it is a general feature of many noncoding RNAs (Pang et al. 2006; Caley et al. 2010) . One explanation for this trend is that noncoding RNAs may interact through higher-order structures and not directly through the underlying sequence (Caley et al. 2010) . This, therefore, may be another level of species specificity and functional difference that will be important to characterize in a wider set of species and as more noncoding RNAs are characterized within the XIC (Tian et al. 2010 ).
Lemurs as potential models for X-inactivation studies Our comparative analyses with lemurs suggest that they may be informative models for the further study of X inactivation. Significant differences in the candidate XIC region and in both TSIX and XIST structure suggest the possibility that X-inactivation mechanisms and/or the extent of transcriptional silencing in lemurs and other primates might also be different. Some lemur species can interbreed and form viable hybrid offspring (Horvath and Willard 2007) . These female hybrid offspring would have X chromosomes from two parental species that would have many more sequence changes than any two individuals of the same species; much as interspecific mouse crosses have been valuable for the study of murine X inactivation (Yang et al. 2010) , such sequence differences could be exploited to infer the silence or escape status of each gene in lemurs, as has been done on a comprehensive scale for human and mouse (Carrel and Willard 2005; Yang et al. 2010 ).
Methods Lemur cell lines and DNA sampling
Lemur cell lines were obtained through Coriell Cell Repositories (http://ccr.coriell.org/) and the Integrated Primate Biomaterials and Information Resource (IPBIR) Collection (Supplemental Table  3 ). For all species, a male and female pair was available, with the exception that only a female gray mouse lemur cell line was available. Black lemur blood and buccal cells for DNA extraction were obtained from the Duke Lemur Center under research project BS-4-06-1 and Institutional Animal Care and Use Committee (IACUC) project A094-06-03.
DNA and RNA isolation
Bacterial artificial chromosomes (BACs) were obtained through BACPAC Resources (http://bacpac.chori.org/) as bacterial stabs. Single colonies were streaked onto LB with 12.5 mg/mL chloramphenicol plates, and single colonies were used to inoculate LB media. BAC miniprep DNA was isolated with the Perfectprep BAC 96 kit (Eppendorf) and resuspended in water according to the manufacturer. Genomic DNA was isolated from cell lines using the Gentra PUREGENE kit according to the manufacturer's recommendations. RNA was isolated from cell lines using the Gentra VERSAGENE kit according to the manufacturer's recommendations.
Lemur BAC library hybridization
Four primer pairs (probes A-D, as shown in Supplemental Fig. 1 ) were designed to regions conserved between human and dog that were ;100 to 150 kb apart in the candidate XIC region in humans (Table 1) . Primer pairs were used in PCR assays with black lemur (Eulemur macaco macaco) and ring-tailed lemur (Lemur catta) genomic DNA from IPBIR cell line PR00254 and Coriell cell line AG07100, respectively. PCR products were purified with the Roche Diagnostics Corporation High Pure PCR Product Purification Kit, and 25-50 ng of purified DNA was individually labeled with [a-32 P]dCTP using the High Prime DNA labeling Kit (Roche Diagnostics Corporation). BAC library membranes from the black and ring-tailed lemurs (CHORI-273 and LBNL-2, respectively [BACPAC Resources]) were hybridized as described previously (Horvath et al. 2003) . Hybridized membranes were imaged for at least 16 h using a PhosphorImager (Amersham Biosciences), and positives were called by hand.
Lemur sequence across the primate candidate XIC Lemur BAC sequences were generated by the NIH Intramural Sequencing Center (NISC). The BACs were shotgun sequenced and assembled to ''comparative-grade'' standards, with all contigs ordered and oriented (Blakesley et al. 2004) . Black lemur sequence across the candidate primate XIC region was obtained by concatenating accession number AC204188.2 (CHORI-273 BAC 137L18) from base pairs 1 to 138,202 with accession number AC203493.2 (CHORI-273 BAC 16H20) from base pair 1 to the end of the clone, for a total of 335,784 bp. Similarly, the orthologous sequence of the ring-tailed lemur was obtained by concatenation of accession number AC204810.2 (LBNL-2 clone 143K1) from position 1 to 128,783 and accession number AC203729.2 (LBNL-2 clone 223D18) from position 1 to the end of the clone for a total of 288,342 bp. The sequence gaps at position 110359-110458 within AC203493.2 (FJ156096) and the gaps at position 99465-99564 (FJ156094) and position 101792-101891 (FJ156095) within AC203729.2 were filled by long-range PCR and sequence analysis of at least three subclones across the gap region. See Supplemental Table 4 for a list of primer names and sequences.
Computational analyses
MLAGAN with the evolutionary tree [(((((((Hum, Chimp) Orang) Rhesus) Marmoset)(BlkLem, Ringtail)) Mouse)(Dog, Cow))] constructed using a maximum likelihood approach with branch lengths estimated in PAUP* 4.0a109 (Swofford 2002) . The accession numbers used for annotations were as follows: human [CDX4 (NM_005193), CHIC1 (NM_001039840), DXPas34 A region (Cohen et al. 2007) , TSIX (NR_003255), XIST (NR_001564), JPX/ENOX (NR_024582)], mouse [Cdx4 (NM_ 007674), Chic1 (NM_009767), Tsx (NM_009440), DXPas34 region (mm9_chrX:100643413-100644865 coordinates as determined by Dotter plots) (Chao et al. 2002; Cohen et al. 2007 ; data not shown), Xite region (genomic region in AY190761), Tsix (NR_002844), Xist (NR_001463), Jpx (exon 1 from AK148110 represents exon 1 here and exon 1 from AK050201 represents exon 2 here)], and cow [Xist (NR_001464)]. RankVISTA output for the three conserved noncoding regions was as follows: CNS 1, p = 3.9 3 10 10 ; CNS2, p = 1.3 3 10 6 ; CNS3, p = 2 3 10 8 . Ancestral reconstructions were carried out in two steps using all the above sequences. First, the presence or absence of a nucleotide at each position for the different ancestors was computed using the phylo-HMM approach described in Diallo et al. (2007) . This method allows the computation of the posterior distribution of insertion and deletion scenarios. Second, the nucleotide annotation was performed using a standard continuous time DNA nucleotide model as described in Blanchette et al. (2008) . Similar to several other studies on mammalian sequences, the HKY model of evolution was chosen (Blackburn 1991; Kim and Sinha 2007; Paten et al. 2008) . Alignments were analyzed for conserved regions and annotated using Geneious V4.8.5 ). XIST repeat regions were identified using the Yen et al. (2007) coordinates and Tandem Repeats Finder v4.03 (Benson 1999) .
The confidence values of ancestral reconstructions were computed in two different steps. Confidence in the presence or absence of a nucleotide at each position in the different ancestors was computed using the forward-backward algorithm within the phylogenetic-HMM (see Diallo et al. 2007) . The values are indicated in terms of probabilities between 1 and 100. The second step computed the confidence level of substitution using a variant of the Felsenstein algorithm (Blanchette et al. 2008) . It is a ratio between the predicted likelihood of the predicted ancestral nucleotide and the sum of the overall likelihood of all possible alternative scenarios.
Synthesis of cDNA
Approximately 1 mg of total RNA was treated with 1 unit of RNasefree DNase I (New England Biolabs) for 10 min at 37°C. EDTA was added to a final concentration of 0.4 mM, and heat inactivation of the DNase I proceeded for 10 min at 75°C. First-strand cDNA synthesis using the entire DNase-treated RNA volume proceeded with the addition of the following reagents: DTT (Invitrogen) to a final concentration of 0.01 M, 1 mM each dNTP (Invitrogen), 0.5 mL of Random Hexamer (Amersham Biosciences), 20 units of RNase OUT (Invitrogen), and 200 units of MMLV Reverse Transcriptase (Invitrogen) was conducted for 10 min at 25°C followed by incubation for 2 h at 42°C and final heat inactivation of the enzymes for 10 min at 95°C. A no-RT control with the addition of water instead of MMLV-RT was conducted for each cDNA synthesis reaction. Subsequent PCR assays contained 1 mL (1/20 volume) of first-strand synthesized cDNA or water as a negative control.
PCR and sequencing
BAC-end sequencing reactions were conducted using 10 mL of Perfectprep BAC 96 (Eppendorf) template heat-denatured for 5 min at 95°C followed by the immediate addition on ice of 3 mL of BigDye v3.1 (Applied Biosystems), 3 mL of 53 reaction buffer, 0.5 mM primer, 0.75 mM MgCl 2 , and water to a final volume of 20 mL. Cycle sequencing was performed using 100 cycles of 95°C for 15 sec, 50°C for 15 sec, followed by 60°C for 4 min and a final hold at 4°C. Primers EPT7 and EPSP6 were used for BAC end sequencing. The quality of sequence data was assessed using PHRED/ PHRAP/CONSED software (http://genome.wustl.edu). PCR and sequencing reactions were carried out as previously described (Horvath et al. 2008 ) using 0.625 U of Taq Polymerase (Invitrogen) with a 72°C extension. Long-range PCR was conducted for primer pairs JHX87/JHX94, JH464/JH465, and JH466/JH468 using the Roche Diagnostics Corporation Expand Long Template PCR System according to the manufacturer's recommendations. PCR products from primer pairs JHX47/JHX52, JHX87/JHX94, JH464/ JH465, and JH466/JH468 (Supplemental Table 3 ) were TA-cloned using the pGEM-T Easy Vector System II (Promega) and sequenced from the plasmid as previously described (Horvath et al. 2008) . Accession numbers corresponding to these long-range PCR products (FJ156094-96) were deposited in GenBank.
Immunostaining
Metaphase spreads were obtained from exponentially growing cells after 1 to 2 h of colcemid treatment using standard protocols. Slides were fixed in a 4% formaldehyde-13 PBS-0.1% Triton solution for 10 min. The slides were then washed twice in 13 PBS for 2 min before the addition of antibodies.
To detect epigenetic marks characteristic of an inactive X chromosome, we used a 1:200 dilution of the primary antibody, rabbit monoclonal Anti-H3K4me2 (Upstate Cat. No. 05-790), and a 1:200 dilution of the secondary antibody, Cy3-conjugated donkey anti-rabbit IgG . Immunostaining was carried out using minor modifications to procedures described previously (Chadwick and Willard 2001) .
Fluorescence in situ hybridization
Isolation of BAC DNA was performed using a QIAGEN Maxiprep Kit. One microgram of BAC DNA was labeled with Spectrum Green dUTP (Abbott Molecular) using the Nick Translation Reagent Kit (Abbott Molecular). Probes were precipitated with the addition of 10 mg of CotI DNA and rehydrated in 10 mL of Hybrisol VII (MP Biomedicals) for 2-16 h at 37°C. Probes were denatured for 7 min at 72°C and then placed for 30-90 min at 37°C. For each cell line, we scored 12-30 metaphase spreads for staining of X chromosomes with an antibody raised to H3K4me2.
Slides previously immunostained were washed once in 13 PBS-0.05% Tween for 5 min and then denatured one at a time in 70% formamide-23 SSC (pH 7.0) for 12 min at 75°C. Slides were briefly washed in 13 PBS-0.05% Tween, and 14-20 mL of denatured probe was added per slide. Slides were then placed in a humid chamber and hybridized overnight at 37°C. Post-hybridization washes consisted of two 8-min washes in 50% formamide-23 SSC (pH 7.0) at 42°C, then one 8-min wash in 23 SSC at 37°C. Slides were briefly rinsed in reagent-grade water before being counterstained with 4,6-diaminidino-2-phenylindole in Vectashield (Vector Laboratories). Slides were analyzed under a Zeiss Axiovert 200M microscope fitted with a Hamamatsu ORCA-ER camera. Images were captured with OpenLab (Improvision) and processed with Adobe Photoshop.
